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IIATIONAL AI3VTSORY COMMITTEE FOE AERONAUTICS 


TECHNICAL NOTE NO. I 3 OI 


A METSOD FOE CALCULATING THE HEAT REQUIRED FOR THE 
PREVENTION OF FOG FORMATIONS ON THE INSIDE 
SURFACES OF SINGIE-PAlfflL BULLET-RESLSTmG 
VlfIDSEIELDS DURING DTVIIJG FLIGHT 

By James Selna and John E. Zerhe 


SUt«4'iRY 

An Investigation was conducted to provide a means for calcu- 
lating the heat reguired for the prevention of fog forma.tions on 
the inside surfaces of single— panel 'bullet-resisting windshields 
during diving flight. An analysis was made to provide relation- 
ships for the heat reguii’ed considering the transient heating of 
the windshield duning diving flight. Frcm the I'esults of this 
analysis, it is evident that for dives where the rate of descent 
is high, over 5000 feet per minute, the temperature of the_ inside 
surfaces of a single— panel bulletr-resisting windshield pemains 
approximately constant unless there is an appreciable change of 
heat input to the windshield d-uring the dive. Thus, in designing 
fog— prevention systems for bullet— resisting windshields, the design 
may be carried out for steady— state coiiditions at the altitude frcia 
which diving flight is initiated unless there is an appreciable 
decrease of heat input through the windshield with decreasing 
altitud.e. In this event consideration of the transient heat flow 
during diving flight may be necessary in order to provide fog 
protection. Consideration of the transient heat flow during 
divir^ flight may also bo desirable in order to conserve heat 
energy when the heat input to the windshield increases appreciably 
with decreasing altitude, ; 

Consideration is given to the use of plane heated-air jets 
directed teingentially to the inside surface of the windshield to 
provide the required heat, A relationship is developed to define 
the optiraum depth of the jet nozzle for any given set of conditions. 
It is also shown that it is desirable to maintein the cockpit air 
temperature and the jot— nozzle exit air temperature as hi^ as 
practical. The application of heated-air jets to the fogging problem 
is discussed for both steady— state and transient solutions of the 
heat required, and a sample solution is presented for each case. 
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Consideration is also given to the use of electrical energy 
to heat the inside surface of a windshield. It is shown, consider- 
ing only free convection and radiation of heat from the windshield 
to the cockpit, that electrical heating systems may he designed 
using steady— state heat— transfer considerations. 


INTRODUCTION 

During diving flight of military aircraft equipped with 
hullet— resisting windshields ,• the inside surfaces of the windshields 
frequently accumulate fog which ohscures the pilot’s vision and 
renders the striking power of the aircraft ineffective. The fog 
may he removed hy mechanical means; however, these means in them- 
selves tend to Impair the pilot’s vision. The fog may he prevented 
frcm forming hy maintaining , the windshield inside-surface t^per— 
ature above the dew point of the adjacent cockpit air. This, can he 
accomplished hy either providing for a flow of dehydrated air -over 
the inside of the windshield or hy heating the inside surface of 
the windshield. Dehydration of the air could he accomplished hy 
chemical means or hy use of a refrigeration cycle. Chemicals are 
undesirahle heoause constant replacement of the chemicals is 
necessary and refrigeration is not practical at present, in that 
present-day aircraft are not equipped with refrigeration equipment. 
Heating of the windshield could he accomplished simply as most 
aircraft are equipped with heated-air systems or with electrical 
energy which can readily he converted into heat. 

Since there were no design data available which considered the 
basic variable involved in providing fog" protection by heating the 
inside B^lrfaces of the windshields, the present investigation was 
undertaken. 

The p>urpose of the present investigation was to provide a 
means for evaluating the heat input to the inside surface of a 
single— panel hullet— resisting windshield which is required to 
maintain the temperature of the inside surface of the windshield 
above the dew point of the adjacent cockpit air throu^iout diving 
fli^t. 

Equations are derived for the calculation of the heat required 
throu^out diving flight in which the transient heating of the wind- 
shield is considered. The res\ilts of this analysis are comparod with 
a simple steady-state solution which provides for heating the inside 
surface of the windshield to the hipest temperature required during 
flight at the steady-state conditions existing prior to the dive and 
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neglects calculation of transient heat flow in the winlshleM, After 
estatliahing relationships for the heat req.ulrecL, consideration is 
given to the application of plans heated-^ir jets (hereinafter 
designated as surface jets) to provide the required heat using the 
relationships given in reference 1 and also bo the application of 
electrical energy to provide the required heat. 


SmfflOLS 


The following symbols are employed throughout this report: 


a 

°P 

c 

d 

e 


) 


thermal dlffuslvity of windshield material, square feet 
per hour 

/ J^i-2gJc^ 

percent of full kinetic heating ( cj^. = — ^ 

■ \ yfi 

specific heat of air at constant pressure, Btu per 
pound, 9F 

specific heat of windshield material, Btu per pound, °F 

surface— jet-nozzle depth, feet 

reference surface— jet-rnozzle depth of l/l2 foot, feet 

distance frem surface^ jot origin to nozzle exit ' c l) > 
feet a/ 


g acceleration due to gravity, feet per second, second 

he coefficient of free convection and radiation of heat at 

the electrically heated surface of a windshield, Btu 
per hour, square foot, °P 

ho coefficient of heat transfer at external surface of 

windshield, Btu per horn', square foot, 

hj^ coefficient of heat transfer at internal surface of 

windshield, Btu per hour, ■ square foot, 

hj coefficient of heat transfer at internal stirfaco of 

windshield employing heated— air— surface jet, Btu 
per hour, square foot, °F 



h 
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H 

J 


ka 




pressure altitude, feet 

mechanical equivalent of heat, 778 foot-pounds per Btp 

thermal conductivity of windshield material, Btu per 
hour, square foot, per foot; 

thermal conductivity of air, Btu per hour, square foot, 
°F per foot 

ftinctiona of altitude such that 


Lw 

L 

2 

•ia 


<iE 




<li 


t 

T 

Tl 

Ta 


length of windshield, feet 

distance frcaa surface— ;Jei>-nozale exit to point under 
consideration (L p x-e), feet 

width of surface— ^1et noszle, feet 

heat flow through the inside surfac^of windehleld at 
steady— state conditions prior to dive flight, Btu per 
hovir, square foot 

heat generated at the inside surface of a windshield hy the 
conversion of electrical energy to heat energy, Btu per 
hour, square foot 

change in heat flow through the inside surface of wind- 
shield at any time after ,dive fli^t is started, Btu 
per hour, square foot 

heat transferred from the electrically heated inside surface 
of a windshield into the cockpit, Btu per hour, square 
foot 

time after start of dive fli^t, hours 
temperature at any point in windshield, 
temperatiure of cockpit air, ^ 
temperature of Inside surface of windshield, 
static ambient-air temperature, °F 
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Tfc 

^D.P. 

AT 


60 

Ui 


V 


o 


'a 


W 


X 


y 

a 


kinetic ambient-air temperature^ 

ambient-air-temporature change due to kinetic beating 
(^ = Tfc-Ta); F 

dew-point temperature of cockpit air^ °F 

difference between temporature of inside surface of 
windshield and dew-point temperature of the cockpit 
a'ir (AT = Ti - Td.p.), ^ 

temperature of air at surface— jet— nozzle oxitj °F 

maximum jet temperature at any distance x from 
jot origin, "^F 

temperature of beat— transfor modium flowing over inside 
surface of windshield, *^F 

temperature of air at surf ac^ jet-nozzle exit above 
cockpit air temperature, °F 

maxirntm temperature of surface jet at any distance x 
from nozzle exit abovro cockpit air temperature, °F 

over-all coefficient of heat transfer, inside surface 
of windshield to ambient air, Btu per hour, sq.uaro 
foot, ■ - 

air velocity at siirfaee— jot-nozzle oxit, feet per second 
• velocity of airplane, feet per second 

heated air— flow rate out surface— Jet-nozzle exit, pounds 
per second . 

distance from jet origin to point imdor consideration 
(x = L + e), feet 

thickness- of windshield, feet 


angle of extension of svirface jet, dogroos 
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linear rate of change of % with altitude, Btu 

per hovir, sguare foot per foot 

7 specific weight' of air, pounds per cubic foot 

p density of air, slugs per cubic foot 

y specific weight of windshield material, pounds per cubic 

foot . . 

dynamic viscosity of air, pound-seconds per square foot 


9 


32.2 



o . i "^ icq. 


^ 1.54 


Subscripts 


n units of time - 

m units of windshield thickness 


ANALYSIS OF HEAT EEQUIEEL 


In order to prevent the formation of fog on the inside surface 
of a single— panel bullet— resisting windshield durii^g diving flight, 
it is necessary to maintain the temperature of this surface Tj, 
above the dew point of the adjacent cockpit air ^,p. . A method 
of calculating the heat rec[ulred to provide the desired temperatures 
of the inside surface of the windshield must be established before 
consideration can be given to a means of supplying the req^uired heat. 

The state of temperature of a windshield at steady— state condi- 
tions prior to dive flight may be expressed as — 


qa = Ui (Ti - Ta - AT],) = k^ («iT/dy) _ (l) 


where 


Ul 



( 2 ) 
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and 


Att 


2gJcp 


- 0^ — Tq_ 


(3) 


The eq^uation for the external coefficient of heat transfer employed 
herein is 


h„.- (3&<3) (0.036) cp r T. " G;^) 


This is the eqimtion for the. coefficient of heat transfer from an 
air stream to a' flat siirface giren in reference 2 andj although It may 
not .he strictly Valid in the present application, it is considered 
sufficiently accurate as will he shown later. 


As soon as the airplane. on which a hullet— resisting windshield 
is installed enters diving flight, equation . (l) is no longer valid; 
the flow of heat'hecomes ti«,nsient. The eimbient-air temperature Ta 
and density p as well as the coefficient of heat transfer ho all 
vary with altitude. Due to the number of variables involved, it is 
impractical to treat the transient heat .flow during diving flight by 
means of differential equations, and resort is made to the approximate 
method. of E. Schmidt ' given in reference 3 for evaluating, transient 
heat— flow conditions. In .this method’, the differential equations of 
transient heat flbw are modified to permit a step— by— step solution 
in terms of finite quantities..,. The ■ equations of reference . 3 „in 'the 
nomenclature- of this report are listed below. ’ .. : 


^*mAy,nAt “ 2 


'^(m-i)Ziy, (nr-i)At ^ ’^(m+l)Ay, (n-l)At 


(5) 


(Ti) 


o,nAt 


(^i)nAt 





( 6 ) 
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n, ^v^nAy^nAt 

^(m+l)Ay,nAt ~ 3,^ + (ho)^^^ ^ 


(7) 


!Ehe units of time At and of windshield thickness Ay are related 
by the expression 


At 


2a 


(8) 


The sketch of a windshield in figure 1 illustrates some of the 
q.uantitles in the aboTe equations . ' ^ 

The general method of solution of transient-heat— transfer 
problems using these equations is illustrated in reference 3* The 
calculations by the above method are long and tedious and must be 
made for particular' values of ‘ all the variables. In order to 
facilitate the computations and also render them independent of 
the means by which the heat is transferred to the inside surface 
of the windshield, it is convenient to express equation (6) in 
terms of the heat flow through the Inside surface of the windshield 
as ; ■ 


^'^i)o,nAt 


(la + <ffi)„At ^ 

^ : + ?Ay,nAt 


(9) 


where q^ is the heat input to the windshield at steady— state 
conditions prior to diving flight and (q^^ + qg) is the 

instantaneous heat input afteh nAt hours of diving flight. 


For the purpose of calciilations, it" is necessary to postulate 
how + qg will vary with altity.de. Any variation may be chosenj 

however, herein it will be presumed that <la expressed 

as a linear function of altitude such that 

.;-4% +• _ ,1h, • 

dH “ nAb 


( 10 ) 
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where ZiH is the altitude traversed in the time At. 

When equation (9) is employed in the etep—hy—step solution 
in place of equation (6)3 the temperature of the inside surface of 
the windshield results in terms of the heat input and may he 
expressed as ' . 

t A* - 

•^^i^ 03 nAt ^^i^nAt ''' ^^a^nAt ^^s^nAt 

jr ' 

where ka3 and ka are functions of altitude and are dependent 

'Oh the windshield material and thickness, the rate oi" desoentj the 
airspeed and the altitude from which the diving flight is ‘conducted. 

Once the values of kj., ka3 and ksj have ‘been ehtahlished as 
' fuhct ions' of •aT'bitude for^ any particular instalia.tipn and the dew 
point T^).p, of .the air adjacent to the windshield at the critical 
altitude of fogging is kndvm,'^ value of ‘’I'i at •that altitude must 
he chosen, such "that is not less than IId.p. or • . 

• ■ % = Ta - (Ta - + AT (12) 


where AT is the temperature difference hetvreen the inside surface^ 
temperature * of the jwlndshield dnd the dew point of the air adjacent 
to. the windshield at the critical altitude of windshield fogging. 
"After estahiishing ■' Ti^ 'at the critical 'altitude of foggingj a 
•value •'of'; •(jf . '.in equation (10) .mus^t he assumed and_ qg, at that 
altitude' evaluate from eq;jation. (ll) . ‘ Theri^ ^‘i^iintion 

of al"^itude is' evident from equati'Oii (lO) and Tf as a function of 
altitude may he evaluated from equation (ll) . • Many solutions are 
available depending on the value of f assumed. The value of ilf 
should he assumed such that the resultant values of <3a ■*" 

may he correlated with the heat given up to the windshield hy the 
heat— transfer medium employed. In the case of a heated— air, surface- 
jet 3 fog— prevention system the .relationship 


(<la ." 





(13) 


must he satisfied. 
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BESULTS AND DISCUSSION 
. Heat Eeq,uired 

Using the relatlonehipa developed in the analysis, 'ctirves have 
"been es'tahlished of k^, and ka (equation (11)) as functions 

of altitude for a li -inch-thick, 2—foot Ijng, "bullet-resisting, 
windshield with the following physical characteristics : average 

specific weight 7^ of 168 pounds per cu"blc foot, average specific 

heat c of 0,18 Btu per potind, ®P and average conductance H;/y of 
3,91 Btu per hour, stjuare foot, The curves were established for 

various constant rates of descent at copstant true airspeeds of 200 
and 400 miles per hour from pressure altitudes of 20,000 and 30,000 
feet using the MCA standard air tempera tvires as_..Tj5. in eq^uation (?) 

and fsy = i y. in eguation (8) for all calculations, The results of 

° ■ j • ‘ ' ■ - - 

these, calculations. are presented as figures 2 to_7 and a s^ple 
calculation" is illustrated in table J, Although "these curves were 
developed using standard air tejtgjeratures for T]j, they may be 
applied equally well to other atmospheres wherein the temperature 
lapse rate is the same as standard because the values of h^^ 

(equation (4)) employed- "in the solution vary only slightly with 
temperature, Thus the heat flpw q^ + q^ may be calculated using 

standard, air temperatures and this heal: flow will induce the same 
temperature difference between .the windshield inside— surface 
temperat^lre and the ■ambient-air temperature, or 'the some Value of 

(Tg^.— Tp. p ) + AT -in equation (12) in any a'tmospher© in which a 

standard ten^erature lapse rate prevails. The surface temperatures 
resulting from this application of the curves will not be correct, 

It follows from the above, however, that they may bo corrected by 
the relationship 


(T-i—T ) = (T — T ) ■ 

^ ^ actual ^ 4 standard air temperature for Tj,. 


( 14 ) 


A study of figures 2 to 7 Illustrates that the speed of the airplane 
is not one of ■the most important factors in the solution when 'the 
temperature T^ is considered with respect to Tj^. Solution of a 
problem by use of the curves developed for 200 or 400 miles per hour 
with other conditions the same will yield approxlmtely the same 
value of Tj; in equation (9) , Thus it is evideni that equation (4) 
is sufficiently/' accurate for evaluating h^, 
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It can "be eliown frcan the curves and eq,viition (11) that for 
cases where the rate of descent is high^ over 5000 feot per minute^ 
little change is erperisnced la the values of diiring diving 

flight unless the value of in equation (11) is large. For. 

instance, if the- hoat input were varied from. q„ = 3OO Btu per hour, 

square foot, to q^^ ^ ^00 Btu per hour, square foot, durirg 

diving flight from 30,000 to 1,000 feet pressure altitude, respec- 
tively, at a true airspeed of itOO miles per hour and a rate of 
descent of 5OOO feet per minute, ■'iie temperature of the inside 
surface of the windshield % would decrease by only about 7° F, 

In many installations, it is probable that the heat floxr through 
the windshield wovO-d increase with decreasing altitude, rather ths,n 
decrease, thus increasing the value of by a small amount durirg 

diving flight. This indicates that for many cases the design may be 
carried out uairg steady-state heat-transfer considerations of the 
heat flow through the insido' surface of the windshield at the ‘level 
flight conditions from which the dive is initiated. The above 
conclusion is based on constant airspeed before and during thb dive, 
which is. not always the case. Qho conclusion is generally valid, 
however, since it has beon shown herein that airspeed has very little 
effect on the values of T^ attained during diving flight, -The , 

solution can thus be greatly simplifiod, nocossitating the use of 
equations (1), (2), (3), and (k) only. Therefore, in reality resort 
need he made to the transient solution given in the analysis only 
when ilf in equation (10) is negative. Resort should, however, be 
made to the transient solution in order to conserve heat energy when 
the rata of descent IS' low (less than 5000 feoz per minute) or when 
\jf has a large positive value. 

Resort to the transient heat— flow solution is npt necessary to 
establish whether or not the steady— state solution is applicable in 
any particular case. It follows from the previous discussion that 
this may be accomplished hy assuming Ti constant ' tliroughout' diving 
flight and calculating the heat flow to' the inside surface of the 
windshield. The values of ^ % thus evaluated may not bo 

accurate. However, if they indicate thtit qg equals zero C>lf=0), 
then q^ is approximatply zero. If they . indicate that q^ 

is larger than ( ■'Hs positive), the actual qQ, q.H values 

as determined by the transient solution will be larger than but 

not as large as the qa <1 h values indicated by the above computa- 
tions in that the inside surface temperature of the windshield will 
increase with decreasing altitude. If these approximate c«imputations 
indicate that qa qg; is greater or equal to q^ throughout the 
dive, the steady— state solution may bo applied, 
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Tho effects of thicknoss cxid. of conductivity of .a 'bullot— 
rosisting windsliield on the values of k2_, . and kg aro illus- 
trated in figure 8. The values of kiga + havo heon expressed 

in terms of temperature in this plot and the temporature for each 
cui’ve at - tho adtitude from -which -the diving fli^t is conducted has 
"boon made oq,uivalont hy using appropriate values of 0^^, Wi-fchout 
considering tho ka values, -the curves of k^qg, + ^3 functions 
of altitude indicate' -the effects of -windshield conductivity and 
thicknoss when tho heat input is maintained constant throughout 
diving fll^t. .Those curves show that increasing tho thickness 
from 1-|- to .2 inches decreases tho temporature change during diving 
f li^t j and decreasing the conductivity pf -the windshiold material 
has a similar effect. The ka curves illustrate tho_ effects of 
linearly changing tho heat input iiri-fch altitude for a change in 
windshiold thicknoss and conductivity. This effect is Just'-the 
opposite of that doscrlhed for the kj.qa + curves. Also included 
on this figure are curves to show tho effect on the solxition of -the 
nmher of layers Into which the windshiold is divided. Obvioiisly 
tho more layers chosen tho moro accurate tho solution. Using oi^t 
layers, as was tho case for all othoi’ pompute.tions of this report, 
tho changes in the tomperatviro of tho windshield from stop-to-etep in 
tho solution woro uniform, and this is considerod tho criterion for 
appropriate use of -tho etop-hy--step calculation method employed. 

, The application of surfaco’4ets and ©loctrical. energy to provide 
the hoat required is considorod in -fcho following discussion. 


Application of Surface Jots 


Tho properties of hoatod-surfaco Jots aro given in roforonce 1 
and aro listed below; < (Seo surface— Jot configuration, fig. 9 *) 


0o { o+Ud^ 


\ X y 


(15) 


ka L 


0.65 


(16) 


o = d/tah a 


(17) 


X = L + o 


(18) 
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From these relationships j the heat transferred from a siirface jet 
to the inside surface of a single— panel hullet— resisting windshield 
at any distance z from the jet origin may he expressed as 


.65 

(19) 


or using the relationships 


‘la + % = 


0.16 Ice 


TqXP 

t-TT- 




= v/dlr 


$ = 32.2 


qa+JgV-^^ 
0,1^ icaV 


this expression may he witten as 


W(T^, + " 0.5 0.54 

= d X 

0 


( 20 ) 


Equation ( 20 ) suggests that, for a gi-ven value of 4 >, 0 ^, 

and distance L, t — e ), there is an optimum nozzle depth 
which will yield a minimum value of ¥. Evaluating dV/dd, ¥ is a 
minimum when 


d = 



1.5^ 


Tc-Ti 


+ 1 



L ta?i a.. 

2,06 


( 21 ) 


The optimum jet temperature for a particular installation is 
(equation ( 20 ) ) the highest practical temperature which can he employed. 
Two other important conclusions which can he drawn from the above rela- 
tionships are: (l) eqiiatlons (I5) and (I6) indicate that hj and 0 j 

decrease with increasing x, thus the design need he carried out only 
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for the point farthest distant from the Jot nozzle exit at "Hhioh fog 
prevention is desired and (2) the oahin temperature Tc . (octua— ■ 
tion (19)) should he maintained as high as practical in oilier to 
minimize the temperature drop of the Jet with distance x. 

In the followingj the correlations of those relationships with 
those given for the heat required for fog prevention are discussed. 


Steady- state solution .- The application of this solution requires 
prior establishment of the variation of heat flow throu^ the inside 
surface of the windshield with altitude. This variation can be 
approximated for the case of a surface Jq-^ by presuming Tj constant 
and evaluating q^ + qg from eqviation (19) for various altitudes of 
the dive. If these values arc approximately equal to or larger than 
q^j the steady-state solution may bo applied. 

The' steady-state solution .is relatively simple. After the heat , 
required q^^ is established (qg = 0 in e|uatian (19) for steady- 
state considerations) freoa equation (l) and the hipest windshield 
inside-surface temperature for diving fli^t is known, a solution 
of equation (20) will provids tho sm'face-Jot-nozzle depth required 
for assumed vaJ-ues of 'W and Tq + ©j — T^. In order that this 
value of d will be an optiraimi, equation (21) must be satisfiod. 

Tho value of T,, used must bo equivalent with that resulting from 
cockpit heating considerations. 

In order to simplify the procedure, a design chart which 
Includes plots of equations (20) and (21) is given In figure 10. Tho 
use of this chart is illustrated in the solution of a sample problem 
in Appendix A. 


Transient solution .— Once tho values of ki, ka,. ks, 
la + OH ^1 functions of altitude have boen ostabllshod for 

a bullet— resisting windshield as sot down in tho analysis, tho values 
of + qg must be correlatod with tho heat delivered to tho Insido 

surface of 'the windshield by a heated surface Jet by moans of equa- 
tion (13), together with equations (15)^ (16) and (I7). Those equa- 
tions may be employed indopondontly or grouped into tho expression 


q^+qg = G.I6 k^j^ 



0*®5 0.6S 0,025 —0.35 

Vo d. X 


|Tc+eo(^)^-Ti] 


(22) 
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Thus it is necessary to decide upon mlues of d, T^, and 6^, 

such that equations . (13) or (22) are satisfied throughout diving 
flight. Hie value of Tq must he commensurate with that resulting 

from cahin-heating considerations. 'Eie solution of a sample problem 
by the preceding method, the same problem solved for steady— state 
conditions in Appendix A, is provided in Appendix B. • 


Application of Electrical Heating 

Eecent developments have shown that transparent conductors 
of electricity can be applied to the surfaces of windshields. 

Thiis some consideration of electrical heating by the conversion of 
electrical energy to heat energy at the inside surface of the wind- 
shield is merited in this report. 


The heat balance at the inside stirface of the windshield may be 
expressed as ' ‘ ' 




where 




Hie quantity h^, may bo expressed as 




0.27 


(^i-Tc) 


0.25 


(23) 

(24) 


(25) 


if the windshield inside surface is vertical (reference 4) . The 
coefficient 0.27 decreases to 0.20 as the attitude of the surface 
is changed frean vertical to horizontal, with the sjirface under 
consideration facing downward. Since most windshields are placed 
at an angle of less than 90° to the horizontal, the use of 0,27 
appears conservative. Using equation (25), equation (23) niay be 
expressed as 


Qa = lE - (^i-^c^^' 


25 


(26) 


/ 
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whoro 

0.27 = ar ^ (27) 

Tho q.uantlty q.ji will remain constant for any particular 
installation unless provisions are made to vary tho electrical 
voltage supplied to the electrical heating system. If qj, is 
presumed constantj <la dependent only on If, during 

diving fli^t, it is presumed that Ti maintains constant and that 
Tq maintains constant or increases, then q^^ would decroaso or 
remain constant. Thiis it is evident that the design of fog— prevention 
systems employing the conversion of electrical energy to heat energy 
at the inside surface of tho windshield may ho carried out using the 
stoady-stato solution previously doscrihed. 

It should he pointed out that tho above considers only free 
convection and radiation of heat frcaa the inside surface of the 
windshield. If the cockpit • under corsidoration is drafty some 
forced convection maj’- result and it may he of sufficient me.gnitudo 
to require consideration. 


CONCLtJSIONS 

The follovring conclusions on the heating of single— panel hullet- 
resistlng windshields for fog prevention during diving fll^t are 
evident for tho conditions analyzed. 

1 . During diving fli^t, when the rate of descent is hi^, over 
5000 feet per minute, tho inside— surface temperature of the windshield 
will remain approximately cenatant unless there is a large variation 
of heat flow through the inside surface of the windshield with 
altitude. 

I 

2 . In designing fog— prevention systems for cases where the 
rate of descent is over 5OOO feet per minute, tho design may ho . 
carried out to provide the hipest required insido-surface temper- 
ature of the windshield at the steady-state epnditians prior to 
diving flight unless tho heat flow throu^ tho insidQ~~windshleld 
surface decreases appreciably with decreasing altitude. 

3. Consideration of the transient heating of the windshield 
dui’lng diving fll^t. is necessary to provide fog protection when the 
hea^. flcrt-r through the inside surface of the windshield decreases with 
decreasing altitude, and is desirable in order to consorvo heat energy 
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when the rate of descent is low or the heat input to the windshield 
increases appreciably with decreasiijg altitude. 

h. When employing heated surface jets for fog prevention it is 
advantageous to maintain the cockpit temperature as high as practical 
in order to reduce the rate of temperature decrease of the air jet 
with distance from the Jet exit. 

5. When employing heated surface jets for fog preventioUjit is 
desirable to employ the highest practical jet temperatures in order 
to reduce the heat energy required. 

6 , If electrical energy is converted to heat energy at the 
inside surface of a btillet— resisting windshield and only free convec- 
tion and radiation Induce heat flew into the cockpit, ilie electrical 
heating system may be designed using steady— state heat -transfer 

c ons idera ti ons . 


Ames Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Moffett Field, Calif., March 19 hj. 
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APEENDIX A 

SAMILE SGEADY-STAIE SaLOTION ON THS APH.ICATION OF A HEATED 
SURFACE JET FOE THE PREVENTION OF FCG ON THE INSIDE 
SUEFACE OF A SINGLE-PANEL BULLET-EESISTING 
WINDSHIELD DURING DIVING FLIGHT. 

The following data are considered as kno^m: 

Windshield 

Size: 12 in. wide hy 2^1- in. long by 1— l/2 in. thick 

Conductance: 3 . 91 Btu per hr, °F 

Average specific wei^t: 168 lb per fts 

Flight Conditions: 

Initial altitude; 30>000 ft (pressure) 

Initial ambient-air temperature; — 30 ° F 
Ambient-air temperature lapse rate: Standard air 

lapse rate 0.003566° F per ft 
Rate of descent: 5 OOO ft per minute 

Airspeed, true, before and dirring' diving fli^t; 
too mph 

Design Conditions: - 

Altitude: 1000 ft (pressxire} 

Ambient-air temperature : 73*5° S’ 

Protection req.uired: Distance of .12 in. from jet- 

nozzle exit . - 

In the steady— state solution, consideration of the transient 
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lieat transfer diirlnjf diving fligh.t is neglected. It is presumed 
that the initial surface tempere.ture of the windshield will he 
maintained throu^out the dive. Hius the inside— surface temper^ 
ature of the windshield should he heated to 73.5"^ F prioi* to„ the 
dive (in order -to protect against vapor content up to 1CK>- percent 
relative humiditj-). 


Solution 


1. Heat required: 

External coefficient of heat transfer ho from equation 
('O = 30»5 Btu per houTj ft^. 

Conductance of panel: given j%/y = 3 •91 P®^ hour^ 

ft^, 

Coefficient of heat transfer, inside surface of windshield to 
amhient air from equation (2), 11^ = 3*45 Btu per hour 
ft^, °F 


2 . 


Heat required: from equation (l) qa = 26j Btu per hour, ft 

1.54 

W (To + - Ti) 

Evaluate ^ in equation (20) and solve 

for d from figure 10 

From equation (20), assuming W = 0.1 pound per second and 

1.54 


(Tc + - Ti) - 50 ° F, 


W 


(To + - Ti) 


0.203 


From figure 10, d = O.O 33 foot = O .396 inch. 

Estahlish To^Sj^and Tq 

From figure 10, in order’ that the solution he an optimum 


3. 
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T — T-? 

for the nozzle depth employed, i = O.065 

■ 

(given) = 73. 50 F, Tj = + (Tg + 6j - T^) = 123.5° S’ 

Thus 

Tg = 7^3.5° F and ej = UT° F 

0Q (from equation (I5)) = 88° F and Tq = 0Q + =: l64.5° F 

The value of T^ used must he commensurate with that res’ilt— 
ing from cah in-heating considerations, 


APHEKDIX B 

SAMHLE TRANSIFJIT SaLITTION ON THE APILICATION OF SURFACE JETS 
FOR THE IESJVENTICN 0F FOG ON THE INSIDE SURFACE CF A 
BULLET-EEBISTUIG WHUBHIELD DURUXJ DIVlUG FLIGHT. 

The known data for this solution are taken as the same as those 
given for the steady— state solution in Appendix A. 


Solution — - 

1. Heat required: 

k^, kg, and kg as a fimction of altitude.— Those data given in 
figures 3 and 6 are applioahle using standard” ^ir temperatures 
as the kinetic air temperatures '_to calculate the heat required. 

Taking AT = 0 in equation (12), T^ = To=Tir — . '■ 

2gJcp 

(^i) lOOO ft = 30° F (for protection .up .to 100— percent relative 
humidity), assuming a value of cj^ . of 0.9. 

2. la + Ig as a function of altitude.— It was necessary to assimie a 

value of ijf in order to calculate q^ (equation (ll)). Herein 
values of ilr of 0, 0.0025, and -0.0025 were assumed to 
illustrate the effects of \jr on the solution. Talues of 
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of altitude wore estatlishod from. 
eq.uation (lO) and are tattilated In tatle II. 

3. Windshield surface temperature.— The windshield surface 
temperatures were evaluated from eq.uatlon (ll). Since 
standard temperatures were employed in the ahovo solution, 
the valuos of Tj^ were corrected "by oq^uation (l4). The 
uncorrocted and corrected values of- T^^ are tahiolated in 
table II. 

h. Application of surface Jet.— Equations (13) or ( 22 ) must ho 
satisfied. Thus assuming that W = 0.1 pound, per second 
at 000 feet pressure altitude and varies such that V * 
is constant (Vj = 159 ft/sec), d= 0.033 ft = O.396 in., 
and T^ = P, 9^ was evaluated for each value of ^jr 
as a function of altitude from use of equations (I3), (l5)j 
(l6)^and (17) i or eqijaticn ( 22 ). The values of T^, 

Tq = 0o + each value of >jf are tabulated in 

table II. 

5. The value of T,; used in the calculations miist be commonsiirato 
with that resulting from cabin-heating consi^ratians. 
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TABLE II.- 
REQUIRED 


CALCULATED QUANTITIES OF AND T 

FOR FOG PREVENTION IN SAMPLE TRANSIENT SOLUTION. 



Pressure altitude (ft) 

0.000 I 20.000 1 10.000 ! 1,000 


Btu per hour, 
square foot. 

0 

.0025 

-,0025 

26g 

250 

291 1 

Tj_, °F 

0 

29 

using standard 

.0025 

23.5 

air temps . for 

-.0025 

35 


0 

73-0 

(Ti) corrected 

.0025 

6 g.g 

Op 

-.0025 

77.7 


0 

162 

To, °T 

• 002 5 

145 


-.0025 
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29 

24 . g 
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Fig. 1 
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Figure 1.- Division of windshield for transient heat-flow 
considerations. 
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Figure 3.- Variation of ]ci and kg with altitude for varloue ratee of daaoent from 

30,000 feet altitude at SOO mpb true airspeed* Windshield thiolcneas 1-1/2 
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Figure 3.- Variation of ki and k 3 with altitude for various rates of descent from 

30,000 feet altitude at 400 mph true airspeed* Windshield thickness 1-1/2 

Inches . 
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Figure 4.- Variation of Ici and ^3 with altitude for varloue rates of descent from 

20,000 feet altitude at 200 mph true airspeed. Windshield thickness l'l/2 

inches* 
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Figure 7.- Variation of kg with altitude for various rates of descent from 20,000 feet 
altitude at 200 or 400 mph true airspeed. Windshield thickness 1-1/2 inches. 
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Figure 8.- Effect of windshield properties and n\mher of windshield layers used in oalculation 

of k]_ qa + k 3 and kg curves for 2000 feet per minute descent from 30,000 feet at 200 
mph true airspeed. 
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